ABSTRACT Essential oils of Hyptis suaveolens (Lamiaceae), Croton roxburghii (Euphorbiaceae), and Litsea cubeba (Lauraceae) were tested in the Þeld near Vientiane city, Lao PDR, on humans for repellent activity against mosquitoes. Landing mosquitoes were collected and later identiÞed. The most abundant mosquitoes captured belonged to the genera Armigeres, Culex, and Aedes. All the plant oils tested at concentrations of 1.7 g/cm 2 , 3.3 g/cm 2 , and 6.3 g/cm 2 were signiÞcantly more mosquito repellent than the negative control. Croton oil was signiÞcantly repellent against mosquitoes of the three genera at the highest (6.3 g/cm 2 ) concentration tested. Litsea oil was signiÞcantly repellent against Armigeres at all (1.7 g/cm 2 , 3.3 g/cm 2 , and 6.3 g/cm 2 ) concentrations tested. Hyptis oil was signiÞcantly repellent against Armigeres at 3.3 g/cm 2 and 6.3 g/cm 2 and against Culex at 1.7 g/cm 2 and 6.3 g/cm
In South-East Asia dengue fever, Japanese encephalitis, and malaria are the medically most important mosquito-borne diseases. In the Vientiane area of Lao PeopleÕs Democratic Republic (Lao PDR) dengue fever and Japanese encephalitis are prevalent. They are vectored mainly by Aedes aegypti (L.) and Ae. albopictus (Skuse), and by Culex tritaeniorhynchus Giles, respectively (Tsuda et al. 2002 , Center of Malariology, Parasitology and Entomology [CMPE] 2007 , Vallé e et al. 2009 ). Dengue fever incidence doubled between 2009 and 2010 (World Health Organization [WHO] 2010) in the Vientiane area. In this region, human malaria is transmitted mainly by Anopheles dirus s.l. Peyton & Harrison and An. minimus s.l. Theobald and has been markedly reduced by the use of long-lasting, insecticide-impregnated bed nets, early diagnosis (Rapid Diagnostic Test) and treatment with artemisinin combination therapy, ACT (Ministry of Health, Lao PDR 2010) .
In SouthÐEast Asia the search for alternative methods for preventing vector-borne diseases has become more important in view of the increasing resistance among dengue and malaria vector populations to commonly used insecticides (Chareonviriyaphap et al. 1999 , Somboon et al. 2003 , Van Bortel et al. 2008 . The traditional use of plant products as natural repellents and insecticides is of great interest in the search of new active substances for vector control (WHO 1995 , Pålsson and Jaenson 1999 , De Boer et al. 2010 . In an earlier paper we reported results of a large-scale survey on traditional knowledge of plants used to repel blood-sucking arthropods and leeches in Lao PDR (De Boer et al. 2010) . The plant species reported to be most commonly used against haematophagous invertebrates were Croton roxburghii Wallich. (Euphorbiaceae) and Litsea cubeba Persoon (Lauraceae). A third plant species, Hyptis suaveolens (L.) Poiteau (Lamiaceae), which is commonly used as a mosquito repellent in Africa, was included in this study.
In this Þeld study, we investigated the potential mosquito repellent activities of the essential oils of C. roxburghii, L. cubeba, and H. suaveolens. The Þeld tests were carried out in the forest reserve Hauy Yang near Vientiane, the capital of Lao PDR. To our knowledge this is the Þrst time traditionally used plant products have been tested scientiÞcally for their potentially repellent activities against man-biting mosquitoes in Laos. Essential Oils. Essential oils were isolated by steam distillation. Fresh bark of C. roxburghii, the green parts of H. suaveolens and the fresh fruits of L. cubeba, 1Ð1.5 kg of each, were cut into small pieces, and placed in a Clevenger apparatus with Ϸ1.5Ð2 liters of water. Distillation was continued for 3 h and the essential oils were separated from the condensed water. Isolated oils were stored in glass vials at 4ЊC in darkness. The reason for using different tissues of the different plants was based on pilot studies, which indicated which part of each plant that gave the greatest yield of essential oil. These results corresponded to which plant parts were traditionally used by people in Laos.
Materials and Methods

Study
Test Design. The three plant oils to be evaluated for mosquito repellence were prepared in three concentrations: 5% (vol:vol), 10% (vol:vol), and 19% (vol: vol) . The oils were diluted in ethanol 95% (vol:vol) and applied to pieces (30 by 50 cm) of mosquito netting at 1.7, 3.3, and 6.3 g/cm 2 . One piece of cloth was tied to each one of the test personÕs lower legs. Five voluntary biology students, three males and two females aged 19 Ð22 yr, assisted as mosquito baits and collectors in each experiment. Before each test the assistants washed their whole bodies with unscented soap and water. Thirty minutes before each test 0.5 ml/net of one of the three plant oils or the control substance (Myggspray US 622) was applied to a net. The oils were tested at concentrations of 1.7, 3.3, and 6.3 g/cm 2 (one of three concentrations per person). A fourth person served as a "negative control." A Þfth person served as a "positive control" by using Myggspray US 622, containing 19% DEET at 6.3 g/cm 2 on all test days. The Þve test persons were sitting 10 m apart on a path under a big tree in the forest. Using plastic vials, the assistants attempted to capture all mosquitoes landing on the nets on the lower legs. (CMPE 2000) . Specimens that remained unidentiÞed were compared with specimens at the mosquito collection at CMPE.
Statistical Analyses. To estimate if any signiÞcant differences existed among mean numbers of mosquitoes attracted to the particular treatments (oils, etc.) the log-transformed [ln (x ϩ 1)] numbers of mosquitoes recorded for the different concentrations of the plant oils and their negative and positive controls, we subjected data to a one-way Analysis of Variance (analysis of variance, ANOVA). The dependent factor is number of female mosquitoes caught, and the categorical factor(s) is the substance(s) tested. The analyses showed that data from the two test periods could be combined. TukeyÕs honestly signiÞcant difference (HSD) test was then used on the data combined for March and May to determine signiÞcant differences among mosquito mean numbers for each oil concentration.
Data Analyses. The degree of reduction in mosquito landing activity because of the different oil concentrations was calculated as: % Repellency ϭ [(Mean w no. control -Mean w no. test product): Mean w no. control] ϫ 100 (Pålsson and Jaenson 1999) that is a modiÞcation of the formula of Sharma and Ansari (1994) .
Identification of Chemical Compounds. To identify the substances in the headspace above the H. suaveolens, L. cubeba, and C. roxburghii oils, 100 l of a 1:1000 dilution of each oil in acetone was added to separate Þlter papers and placed in separate 50 ml glass beakers. After solvent evaporation and 15 min equilibration the volatiles were collected by solid phase microextraction (SPME) for 1 min on Þbers coated with 65 m polydimethylsiloxane-divinylbenzene (Supelco, Bellefont, PA) and identiÞed by gas chromatography coupled with mass-spectrometry (GC-MS). A Varian 3400 GC connected to a Finnigan SSQ 7000 MS instrument with electron impact ionization (EI) and an ion source at 150ЊC was used for chemical identiÞca-tion of the volatile compounds. An SPB-1 capillary column (Supelco, Bellefont, PA; 30 m ϫ 0.25 mm internal diameter; Þlm thickness, 0.25 m) was used for the separation of volatiles. For H. suaveolens the temperature programming was 40ЊC for 1 min followed by an increase of 5ЊC min Ϫ1 to 220ЊC (12 min). Initially, L. cubeba and C. roxburghii were analyzed using the same temperature program; however, a more efÞcient separation of the compounds was necessary for the identiÞcation. Thus, the program was modiÞed as follows; initial temperature of 40ЊC (1 min) increased by 2ЊC min Ϫ1 to 100ЊC (2 min), thereafter an increase of 5ЊC min Ϫ1 to 220ЊC (2 min). The injector temperature was 215ЊC and helium was the carrier gas with an inlet pressure of 10 psi (69 kPa) and an average linear velocity of 1 ml per minute for all three oils. The compounds were identiÞed by comparison of their retention times and mass spectra to those of synthetic compounds and the reference data bases (National Institute of Science and Technology, [NIST] Library and MassÞnder reference data bases). In the second test 549 female mosquitoes were collected of which 510 (92.9%) were identiÞed to genus or subgenus. These mosquitoes comprised 15 species found also in the Þrst test. Females in the genera Culex and Armigeres were the most abundant. Only two Anopheles species were found, that is, one species in the Anopheles subgenus and one An. minimus complex species. Thirty-nine Culicidae females (7.1%) were unidentiÞable below family level.
Results
Abundance
Efficacy of Plant Oils and DEET as Mosquito Repellents. There was no signiÞcant difference in catching efÞciency among the collectors (F (6, 143) ϭ 0.79; P ϭ 0.5). However, there was a signiÞcant difference among the treatments: 1.7 g/cm 2 (F (4, 45) ϭ 28.4; P Ͻ 0.001), 3.3 g/cm 2 (F (4, 45) ϭ 30.3; P Ͻ 0.001), and for 6.3 g/cm 2 (F (4, 45) ϭ 38.6; P Ͻ 0.001). The estimated mosquito repellence of each oil and concentration versus those of the positive control (DEET) and negative control during the 3-h long test period are shown in Table 1 . The mosquito repellencies of the oils, against Armigeres, Culex, and Aedes, during the 3-h long test period are shown in Table 2 . The mosquito repellencies of the oils during the different sampling hours are shown in Table 3 . In summary, all oil concentrations tested of all three plant species, C. roxburghii, H. suaveolens, and L. cubeba, provided at least 53% reduction in mosquito landing activity on the human baits during the Þrst and third test hour.
Volatile Compound From the Oils of Study Plants.
Major volatile components present in all three plant species were paramyrcene, ␣-pinene, ␤-pinene, ␣-phellandrene, and 1,8-cineol (Table 4) . In general, all three species contained relatively small amounts of 4-carene, myrcene, terpinolene, ␣-thujene, linalool, terpinene-4-ol, ␤-caryophyllene, and humulene (Table 4). Major components in the oil of fresh bark of C. roxburghii were ␤-pinene, ␣-pinene, and ␣-phellandrene; in the H. suaveolens oil they were 1,8-cineol, sabinene, and ␤-pinene; and in the oil of fresh fruits of L. cubeba they were sabinene, ␤-phellandrene, 1,8-cineol, and ␣-pinene (Table 4) .
Discussion
During all Þeld trials the plant oils appeared to reduce mosquito activity. The effectiveness of all oils tended to increase from the Þrst to the last hour but this might be an effect of reduced availability (density ϫ activity) of mosquitoes rather than increased effectiveness of the oils. The overall results suggest that C. roxburghii, H. suaveolens, and L. cubeba oils provided at least 50% reduction in mosquito activity during the Þrst 60 min.
Crude extracts of bark and leaves of C. roxburghii are used as an antifungal agent (Panda et al. 2010) . In India, the root is crushed with the bark of ÔFicus exsasperate Vahl.Õ (presumably Ficus exasperata Vahl) in coconut milk and applied externally to treat skin diseases (Harsha et al. 2003 ). We did not Þnd any published report on the use of C. roxburghii against arthropods. However, informants reported that burning dried bark of this plant is used as a protection against mosquitoes and other blood-feeding insects. The genus Croton includes Ϸ1,300 species in the tropics of Asia, Africa, and South America, many of which play important roles in traditional medicine. Most Euphorbiaceae plants are considered to be nonaromatic, but some Croton species contain essential oils (Salatino et al. 2007 ). The traditional use and pharmacological effects of Croton species has been reviewed by Salatino et al. (2007) : most Croton species, including C. roxburghii have so far been neglected by scientists. Some species contain diterpenes that have insect growth inhibitory and insecticidal activity (references in Salatino et al. (2007) . H. suaveolens oils exhibited less mosquito repellent activity than the oils of the two other plant species. Its main chemical compounds were 1, 8-cineol, sabinene, and ␤-pinene that are regarded as acaricidal, insecticidal, pesticidal, and insects repellent (Duke 2011 , Park et al. 2003 , Oladimejii et al. 2000 . In the laboratory, this plant was highly repellent against Ae. aegypti (Jaenson et al. 2006) . Also, Pålsson and Jaenson (1999) during Þeld work in GuineaÐBissau recorded high antimosquito activity from smoldering H. suaveo- The main insecticidal compound of L. cubeba oil is sabinene (Park et al. 2003) . Other insect repellent, "pesticidal" or acaricidal compounds recorded in this plant are citral, ␤-phellandrene, ␣-pinene, and 1,8-cineol (Duke 2011) . The antimosquito efÞcacy of L. cubeba oil was nearly the same as that of C. roxburghii oil. Santiwitchaya (2004) reported that the essential oils of these species were highly repellent against mosquitoes in a laboratory test. L. cubeba populations show great differences in terpene composition (Wang and Liu 2010) . The oil of the genotype used in this study had a high content of sabinene and only minor amounts of neral and geranial, while most genotypes contain neral and ge- Volatiles were collected by solid phase microextraction (SPME) and identiÞed by gas chromatography-mass-spectrometry (GC-MS). The main compounds of the oils are marked in bold face.
A, acaricidal; I, insecticidal; P, pesticidal; and R, insect repellent (according to Duke ͓2010͔ and other sources as referred to in this Table. ranial as their dominant terpenes (Wang and Liu 2010) . Among the 15 different plant species that have been reported as repellents for mosquitoes and biting midges in Laos (De Boer et al. 2010 ) the two most frequently used plants were C. roxburghii and L. cubeba. Both species were mentioned as repelling mosquitoes and other nuisance insects and is used in particular by people working on agricultural Þelds. C. roxburghii was used as dry bark rolled and used as a "torch" or as an incense to produce smoke. The fresh fruits or fresh leaves or both of L. cubeba were used and rubbed directly on the cloths. The fact that C. roxburghii and L. cubeba are preferred for use as mosquito repellents in preference to H. suaveolens might be empirically related because the former two species are more effective in repelling diurnally active mosquitoes. Further research on Lao plants as mosquito repellents are warranted. Y-tube olfactometer bioassays may be used to investigate the behavior of the different mosquito species toward the different essential oils. There is also a need to devise effective and acceptable formulations of repellents from plants indigenous to SouthÐEast Asia against nuisance and vector arthropods. Low technology production of such plant-based repellents could be introduced into the Lao villages where the appropriate native plants grow wild or are already being cultivated.
